Background and Purpose: One of the proposed mechanisms for sudden expansion of a carotid bifurcation plaque is hemorrhage within the lesion. It has been postulated that the sudden increase in plaque size will acutely reduce blood flow to the ipsilateral hemisphere and induce either a transient ischemic attack or a stroke. In this study, the relation between peak systolic velocity at the site of narrowing and its potential role in the development of intraplaque hemorrhage were investigated.
T he relation between intraplaque hemorrhage and the development of symptoms of cerebral ischemia is not clear. Some authors have found intraplaque hemorrhage in a significantly higher percentage of plaques from symptomatic patients than from asymptomatic patients,1-9 while others have found no relation. [10] [11] [12] The studies reported to date have been either pathological examinations of plaques removed at the time of operation,1-4,7-12 ultrasound studies of plaque morphology with later comparison with removed plaques,5'6"3-15 or direct comparisons between pathological and angiographic findings. 16 Regardless of the role of intraplaque hemorrhage on the course of clinical events, there is interest in how the process occurs.
Intraplaque hemorrhage in carotid artery plaques is much more common when a stenosis exceeding 70% diameter reduction is present.216 The majority of hemorrhagic plaques have a smooth surface on angiography,16 even though they are associated with neurological symptoms.
Beach et al Intraplaque Hemorrhage and Blood Flow Velocity 315
The plaque removed at endarterectomy was fixed, de- calcified, and embedded in paraffin, and 6-,m-thick crosssections were obtained every millimeter over the entire length of the plaque, with additional sections obtained every 0.5 mm in the region of the carotid bifurcation. The resulting histological sections were mounted on glass slides, stained with hematoxylin and eosin, and examined microscopically for intraplaque hemorrhage.
Hemorrhage was identified by the presence of hemosiderin plus fibrin or platelet aggregates. Hemorrhage was classified into five categories according to the age of the hemorrhage (Figure 1 ). If completely formed erythrocytes were present, the hemorrhage was considered to have occurred during surgery (H1); if erythrocyte ghosts were present, the hemorrhage was considered recent but to have occurred before surgery (H2); the oldest hemorrhage was "glassy" (H5). Intraplaque hemorrhage was defined as hemorrhage in the plaque that did not communicate with the lumen. Plaques were also examined for other features including neovascularization and the presence of vasa vasorum penetrating into the plaque.
Annotated tracings of each histological section were made on transparent film placed on printed images of the histological sections. The examiner outlined areas of hemorrhage by examining the histological slide through a microscope while drawing the area of hemorrhage on the tracing. Such tracings included fiducial marks for alignment. The tracings were digitized into a threedimensional computer imaging program to form a three-dimensional rendition of the plaque.24 Volumes of hemorrhage, indicated by the outlined area multiplied by section spacing, were computed for each plaque.
Results
Preoperative Doppler data and plaque histological data were available from 10 cases: five had regions of intraplaque hemorrhage, and five did not ( Approximately one half of patients with a stenosis of >80% diameter reduction are likely to have a clinical event in 2 years compared with 2% of patients with lesser grades of narrowing.27 The risk of an event is even greater in patients with an end-diastolic velocity of >200 cm/sec. 28 Of the patients with end-diastolic velocities between 140 and 200 cm/sec, 30% had an event in 2 years; of those with end-diastolic velocities of >200 cm/sec, 68% had an event during the same period. Half of the events were transient ischemic attacks and half were completed strokes and/or internal carotid artery occlusions.
Cerebral ischemic events may be prevented by surgical excision of the carotid lesions. In the 4 years (1983) (1984) (1985) (1986) While the results of this study are preliminary, the data suggest that peak systolic velocity may be an important factor related to the development of intraplaque hemorrhage. Peak systolic velocity measurement may aid in the quest to "define which groups of patients will be helped by [endarterectomy] ."33 In the interim, "eliminating ... stressful influences that cause transient and severe elevations in blood pressure" can help break the "chain of events" that lead to stroke.36 Peak systolic velocity is easily measured using ultrasonic duplex scanning. We plan further studies on a larger number of patients to confirm this hypothesis.
Appendix Bernoulli Effect
According to conservation of energy, the total mechanical energy density in the blood is the sum of potential energy density (which can be determined by measuring the blood pressure) and kinetic energy density (which can be determined by measuring the blood velocity). These can be expressed as:
Mechanical energy-Potential energy+Kinetic energy density -density density E = pxgxhi + !xpxv2 2 where p=density of fluid, g=acceleration of gravity, h=height of fluid column, and v=fluid velocity. Mechanical energy can be freely exchanged between the two forms, kinetic and potential. In a Venturi tube,16 flow is always laminar and no boundary layer separation occurs in the poststenotic region (Figure 2, panel A) . Pressure at the distal end of the tube is nearly equal to that at the proximal end. The transmural pressure exerted on the wall in the stenosis is lower than either the proximal or the distal pressure. This is because the potential energy density (pressure energy) in the proximal region, where velocity is low, must be converted into kinetic energy density (velocity energy) in the stenosis, where velocity is high.
If, distal to the stenosis, the tube is shaped so that the flow is streamlined, then kinetic energy is converted back to potential energy in the poststenotic region according to the principle of conservation of energy. Alternatively, if distal to the stenosis there is a sharp expansion of the stenosis (Figure 2, panel B) , flow separation and turbulence result. If the flow separation is minor, the effect of fluid viscosity in the high shear rates of the turbulence converts some of the kinetic energy into heat. The remainder of the kinetic energy is converted back into pressure (potential energy density). If the flow separation and turbulence are severe, such as distal to an aortic valve stenosis, all of the kinetic energy is converted to heat. Then the pressure drop across the stenosis is equal to the pressure depression in the stenosis (Figure 2, panel B) .
When very high velocities are involved, a Venturi tube can be used to create a vacuum. Venturi devices are used to create vacuums in industrial applications and in the power siphon in the laboratory sink. A vacuum of more than half an atmosphere is easily attained.
Within an arterial stenosis, where kinetic energy is high, the hydrostatic pressure exerted on the walls (transmural pressure) is low (Figure 2, panel C) . The transmural pressure depression in a high-velocity steno- The total mechanical energy density can be expressed in common units of blood pressure (millimeters of mercury), and thus the fraction of energy density that is temporarily in the form of kinetic energy can also be expressed in units of millimeters of mercury. Assuming that the prestenotic blood velocities are low so that the prestenotic kinetic energy can be ignored: The loss of pressure oscillations or the paradoxical pressure oscillations caused by the Bernoulli effect invalidate conventional arterial compliance measurements that depend on indirect measurements of systolic and diastolic pressure.
The Bernoulli hypothesis also suggests an alteration in the conventional method of carotid Doppler examination. In patients with arrhythmia, an extended R-R interval will manifest higher systolic blood pressure and a higher peak systolic velocity, which may induce intraplaque hemorrhage. Thus, the highest peak systolic velocity from an irregular beat should be noted for the purpose of predicting intraplaque hemorrhage. In addition, systolic blood pressure should be measured and considered when classifying carotid stenosis severity and when monitoring a stenosis for possible progression of disease.
